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Abstract 
A new simulation environment named SoFiA for the Solar Field Assessment for Central Receiver Systems (CRS) has been 
developed. CRS technology entails a higher degree of complexity in analysis and design relative to other CSP technologies. 
SoFiA approaches these difficulties in a staged way with different quality levels. For the techno-economic plant optimization and 
preliminary annual energy yield calculations a medium quality model is chosen for the optical, thermal and electrical 
calculations; this serves to decrease program runtime and allows for the simulation of many plant configurations until an 
optimum for the Figure of Merit is found.  
In a second phase the soundness of the most promising plant configurations are validated with a high quality simulation model. 
This model consists of various modules, including a Monte-Carlo ray-tracing approach. Thermal and hydraulic modeling of the 
receiver and power block is simulated with a dynamic physical model with flexible time steps. Regarding the heliostat 
positioning, a series of state-of-the-art algorithms have been implemented and optimized, such as Radial Staggern with Slip 
Planes, continuous Radial Staggern and Biomimetic variations. The actual site topography can be imported and is considered 
during the optimization. Other features include dynamic Sunshape profiles and site adapted atmospheric attenuation functions. 
The Levelized Cost of Electricity was selected as the Figure of Merit. 
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1. Introduction  
Central Receiver Systems (CRS) are foreseen to be the most promising CSP approach for future applications due 
to their significant efficiency potential and ability to drive down electricity generation cost of CSP plants. 
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(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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CRS technology entails a higher degree of complexity in analysis and design relative to other CSP technologies. 
The quality of a heliostat field design together with the sizing of the receiver and other plant components cannot be 
adequately evaluated without the help of a software code to simulate the optical and thermal behavior of the plant. 
Additionally the layout of the heliostat field is not homogeneous, does not necessarily follow a uniform pattern and 
must be optimized on a project-by-project basis, delivering unique configurations through techno-economic 
optimization and therefore requiring sophisticated software tools.  
 
GL Garrad Hassan (GL GH) has developed the simulation environment SoFiA for all tasks related to the Solar 
Field Assessment and Optimization for CRS during the last years. The basic functionality of SoFiA for the techno-
economic optimization of a CRS plant is shown in Figure 1. SoFiA will optimize the plant configuration for the 
lowest Levelized Cost Of Electricity (LCOE) as the Figure of Merit. A number of additional parameters that SoFiA 
iteratively optimizes during this process can also be seen in the following schematic. 
Fig. 1. SoFiA Input -, Output - and Optimization Variables. 
Many of the parameters are interconnected and changes in any single parameter may therefore impact another. 
For example, if the tower height is reduced, the heliostat radial spacing should be increased in order to avoid 
increased blocking losses. Another case could be that if the receiver size is reduced, losses from heliostat defocusing 
could increase to avoid exceeding the allowable maximum solar flux limits of the receiver. 
 
This process may become very complex and the order in which the variables are optimized has to be carefully 
chosen to ensure the optimum result is reached within a reasonable program runtime. 
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2. Optimization process  
The approach taken for the Optimization Logic of SoFiA is illustrated in Figure 2. It is developed to reduce the 
optimization runtime to a minimum by selecting the right order of optimization parameters, avoiding unnecessary 
iterations through slow program modules (as is the case in other optimization software solutions). The whole process 
is highly automated and does not require significant user interaction once the optimization problem is adequately 
defined. 
Fig. 2. SoFiA optimization scheme. 
SoFiA has two different types of modules. The first are optimization modules which are centrally controlled by 
the optimization logic and change certain parameters depending on the results of the evaluation modules. The 
evaluation modules give feedback to the optimization logic once the impact of the change on the relevant plant 
subsystems has been assessed. They do not change any system parameters.  
 
The optimization algorithm is based on an analysis of the sensitivity of each parameter on the Figure of Merit. 
This sensitivity study influences the optimization parameters during the process with regards to their sequencing and 
discretisation [1]. The chosen optimization steps and associated methodology are outlined below. 
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Stage 1: Optimization start point 
 
In order to start the optimization process with the best possible configuration near the expected optimum - and 
reduce the number of iterations as much as possible - SoFiA has a dedicated module to estimate initial starting 
values. This tool performs a gross plant sizing based on basic input parameters, like the heliostat dimensions, 
receiver and power block technology, the nominal turbine power and Thermal Energy Storage (TES) size.  
Main output parameters of this module are initial estimations for the tower height, receiver dimensions and total 
number of heliostats, which are then used in the first optimization loop.  
 
Stage 2: Solar field generator 
 
This optimization module defines the basic design parameters for the Solar Field and is the first step in the 
iterative optimization loop.  
During this phase, SoFiA features different Positioning Pattern options, such as Radial Staggern with Slip Planes 
and Continuous Radial Staggern [2], Cornfield and Biomimetic designs as proposed in [3]. Apart from the 
positioning algorithm the respective Pattern Specific Generation Parameters are chosen in this step (for example, 
azimuthal and radial spacing for the Radial Staggern algorithm). 
Additionally a High Density Zone around the tower can be defined, which basically compacts the heliostat field as 
much as possible leaving only minimal distances between each heliostat. This is feasible due to the proximity of the 
heliostats to the tower in this zone; the heliostats will be more horizontal than their counterparts at further distances 
and therefore Shading and Blocking Losses are minimal. At a certain distance from the tower the positioning pattern 
(for example, Radial Staggern) can then begin. This distance is another optimization parameter.  
Based on the chosen characteristics for the heliostat positioning pattern, a raw field will be generated with a 
significantly larger size than the final field will be.  
Furthermore, the Tower Height and Receiver Diameter provided by the Start Point module, will be considered at 
this stage, since these parameters are used as inputs for the optical loss calculations in the next stage. 
 
Stage 3: Optical core 
 
This evaluation module calculates the Shading, Blocking, Cosine and Atmospheric Attenuation Losses, as well as 
the solar flux distributions on the surface of the chosen receiver for each heliostat in the field. The losses and flux 
distributions change with the sun position and therefore the module generates efficiency and flux matrices depending 
on the azimuth and elevation of the sun. 
Since the Optical Core is the mathematically most complex module and therefore time consuming, the executions 
of this module by the Optimization Logic are reduced to improve optimization efficiency.  
The canting of heliostats is commonly done symmetrically “on-axis” in most commercial CRS. Depending on its 
position in respect to the receiver, this may result in heliostats being canted to deliver optimum performance for 
angles where the sun will never be positioned. During this optimization step, an optional routine can be enabled in 
SoFiA to optimize the canting of each heliostat asymmetrically “off-axis”, as proposed in [4]. This allows for the 
optimization of the flux distribution of each heliostat for specific sun angles, either maximizing annual energy gain 
(by choosing the sun angles with most incident solar resource), or, for example, flattening the production profile (by 
optimizing for morning or afternoon hours). 
 
Stage 4: Receiver sizing 
 
Once SoFiA has estimated the optical performance of the heliostats for a given Tower Height and Receiver 
Diameter, an aiming strategy will be implemented in order to provide a homogenous solar flux distribution and take 
the receiver’s flux limitations into account.  
Corrections are performed by the Flux Map Optimization Module, which repositions the flux map of each 
heliostat to derive a homogeneous distribution of the overall solar flux on the receiver for all sun positions in the 
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matrix. The Receiver Height and Aperture Dimensions, if applicable, will also be altered depending on how much 
surface is needed to distribute the aiming points along the receiver within its flux limit. This module returns the same 
data structure as the Optical Core, as a function of the solar azimuth and elevation. The data provided by this module 
will be related to the Spillage Loss Fraction of each heliostat and solar flux distribution on the receiver surface. 
Furthermore, thermal and hydraulic calculations are performed during this step by a physical model. This allows for 
a detailed optimization of the hydraulic receiver geometry to decrease pressure drops and parasitic pumping losses 
under nominal conditions.  
 
Stage 5: Annual optical performance 
 
Since each site has its unique sun path and meteorological peculiarities, the actual individual heliostat 
performance and therefore Annual Energy Contribution has to be evaluated by running an annual simulation. This 
annual optical simulation will derive the power contribution of each heliostat for each time step taking into account 
the Direct Normal Irradiation (DNI) in each instant by interpolation in the efficiency matrices. The uncertainty of 
this interpolation depends on the resolution of the matrices and therefore the runtime investment at Stage 3. 
During this evaluation, the resulting flux peak at every instant is checked and in cases that the receiver flux limit 
is exceeded, the farthest heliostats in direction of the flux peak will be defocused as much as possible until the flux 
limit is complied with. This lowers the associated annual energy contribution and reduces the likelihood that these 
heliostats will be selected for the final heliostat field layout.  
 
Stage 6: Heliostat filtering 
 
At this point, based on the annual energy contribution of each heliostat, the optimizer filters for the best 
performing units and discards the remaining heliostats. The total Number of Heliostats is thereby also an 
optimization parameter being iteratively changed and assessed to deliver the lowest LCOE. After filtering, the final 
heliostat field design is determined for this configuration and can be assessed. 
 
Stage 7: Annual energy run  
 
During this Stage, a parametric analysis for the TES Size, the design power of the Auxiliary Firing subsystem and 
the Receiver Panel and Tube Geometry will be performed, in order to estimate the Annual Energy Production for 
each case. The results will be evaluated by the Optimization Logic in order to decide the next step in the 
optimization process.  
Based on the accumulated input of incident solar power from Stage 5, the radiative, convective and conductive 
Thermal Losses from the receiver surface are calculated based on ambient temperature and wind speed, yielding the 
absorbed thermal energy transported to the TES and Power Block. Thermal losses from piping and TES are also 
taken into account, as well as different Operation Strategies.[5, 6] 
During this step the Optimization Logic also notes the amount of energy that has to be defocused due to Power 
Block and TES capacity limits for further optimization of the Solar Energy Rejection.  
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Stage 8: Financial analysis 
 
Within the Financial Analysis evaluation module, each plant configuration is assigned CAPEX and OPEX values 
based on quantity, type and size of components and subsystems.  
This model features a cost database from which cost functions are derived and adjusted based on specified values 
for the local market (such as cost for labor, transport, components and raw materials). SoFiA currently uses the 
LCOE as Figure of Merit. 
 
Further variants of plant configurations are then evaluated based on the results of this module, starting from the 
preceding Optimization Stages. The later stages tend to be faster in their evaluation (as shown in Figure 2) and are 
executed more frequently. An example final heliostat field layout after such optimization for a site near 
Delingha/China can be seen in Figure 3. Continuous Radial Staggern pattern is presented together with the typical 
distribution of the annual solar field loss factors. 
 
Fig. 3. Optimized heliostat field with Continuous Radial Staggern pattern and annual loss factors. [7] 
3. Methodology for performance modeling  
The CSP industry is currently standardizing Energy Production Assessments, as e.g. in course of the project 
GuiSMo [8]. The development of SoFiA is strongly aligned to the modeling guidelines developed so far. 
Although there is still no standard developed for CRS, it was intended to develop Performance Models for the 
prediction of the Annual Electricity Production based on three Quality Levels. Low Quality (LQ) models may be 
used during macro-economic and pre-feasibility studies, while Medium Quality (MQ) models can be used in 
preliminary project phases for feasibility studies, sensitivity studies and conceptual design of CRS plants. MQ 
models provide a good compromise between runtime and accuracy.  
The High Quality (HQ) models are used to verify and refine the MQ model as well as to provide improved 
accuracy during later project phases. HQ models assist basic and detailed engineering tasks as well as providing 
tangible Performance Models for due diligence phases before the financial close of projects. The development and 
running of HQ Models is time consuming and detailed information must be available. 
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Each quality level features approaches in different detail to calculate each of the typical loss factors found in a 
CRS plant, as illustrated in Figure 4. 
 
 
  
Fig. 4. Sankey diagrams for a) Plant losses b) Optical losses only (Qloss,opt). 
To illustrate the differences between each quality level, the implications for the receiver subsystem are 
highlighted in Table 1. 
Table 1. An example for performance models of three Quality Levels for the receiver subsystem. 
 Low Quality (LQ) Medium Quality (MQ) High Quality (HQ) 
Receiver Efficiency ሶܳ ௟௢௦௦ǡ௥௘௖ ൌ ܿ݋݊ݏݐǤ ݂൫ ሶܳ௥௘௖ǡ ߠ௔௠௕ǡ ݒ௪௜௡ௗǡ ௥ܶ௘௖൯ ݂൫ ሶܳ௥௘௖ǡ ߠ௔௠௕ǡ ݒ௪௜௡ௗǡ ߛ௪௜௡ௗǡ ሶ݉ ௥௘௖ǡ ሶ݉ ௣௔௡௘௟ǡ ௥ܶ௘௖൯ 
 
Receiver Design 
 
Cavity: Aperture Plane 
External: Cylinder 
Primitive 
 
Cavity: Panels inside cavity 
External: Panels around 
circumference 
 
Modeling of absorber tubes and headers 
 
Preheating 
(Power Block, Receiver) 
 
ܮ݋ݏݏܨܽܿݐ݋ݎ ൌ ܿ݋݊ݏݐǤ 
 
Discretised Start-Up Balance with 
overall thermal  mass 
 
Dynamic Start-Up Balance 
 
Related to the receiver modelling, the LQ model calculates heat losses only once - based on the average ambient 
temperature, the average receiver surface temperature and incident solar power at nominal conditions - and then 
applies them for each instant throughout the year when the incident solar power is greater than minimum required 
for the receiver operation. All losses and power interceptions are calculated for primitive geometrical objects such as 
a rectangular aperture plane or a cylinder only.  
To account for preheating losses for the receiver and power block only a constant energy quantum would be 
discarded each day in this model. The LQ Model is generally no longer used by GL GH due to its high degree of 
simplification. This model would be based on hourly temporal resolution. 
 
The MQ m^^odel calculates the receiver efficiency based on the actual incident solar power to account for part 
load cases. The model also calculates the radiative thermal losses based on the actual ambient temperature and 
forced convective losses, taking into account the wind speed in each instant. All thermal losses consider the average 
a 
b 
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temperature of the receiver panels, which will differ depending on the chosen flow pattern. The geometrical 
modelling for the calculation of thermal losses and flux distributions is based on rectangular primitives to represent 
the receiver panels.  
As an improvement of accuracy for the MQ model with hourly time step, fractions of hours are considered 
operational as soon as the threshold of necessary energy for the preheating of the receiver and power block is 
reached.  
 
The HQ model is more precise than the MQ model. It requires a receiver model with details about absorber tubes 
and headers for the calculation of flux distributions and temperature gradients. It calculates thermal losses taking 
into account the wind direction and employing a physical model for the receiver [9, 10]. This model uses the 
component heat capacities based on the tube and panel geometry to account for thermal inertia of the system, fluid 
properties are calculated for the actual temperature state and mass flow. This allows also for a detailed Start-Up 
Balance for which the receiver state from the preceding time step will be considered. The time step for this model 
should be at least 15 minutes.  
 
This philosophy of Quality Levels has been employed for the modeling of all subsystems. Some additional 
features of the MQ Optimization Performance Model and the HQ Performance Model of SoFiA will be detailed in 
the following section. 
4. MQ optimization performance model  
The MQ Optimization Performance Model is implemented in the optimization loop of SoFiA due to its 
accelerated runtime. The uncertainty involved with MQ modeling can be drastically reduced by verifications with 
HQ models and real plant production data. 
The Optical Core in the MQ model, based on the convolution of normal distributions to account for mirror and 
tracking errors [11], can take into account different Sunshape profiles and generates flux profiles from the center of 
each heliostat facet, distorting them regarding to the incidence angle on the receiver surface. This allows for certain 
effects like astigmatism to be sufficiently modeled and allows the quantification of the effects of different tracking 
and canting approaches. 
The flux distributions for each heliostat are generated in planes for the intersection points of the reflected central 
rays of each facet with the receiver surface. Subsequently depending on the point and angle of impact on the 
receiver, a method has been developed to distort and scale the flux on each bin of the receiver model. This approach 
allows for scaling of the flux profiles with DNI as well as shifting along the receiver geometry, accelerating any 
assessment of changes in aiming strategy and the meteorological design year. 
The evaluation of Shading and Blocking Losses is realized via the projection of a given heliostat in the surface 
planes of its neighbors and then calculating the intersection point via a system of linear equations. This task may 
take much runtime and may be prone to error if the considered neighbors are not filtered correctly before running. 
By default, SoFiA features a model to predict the Atmospheric Attenuation for each site based on the 
methodology proposed in [12]. The impact of site adapted modeling of atmospheric attenuation on the Annual 
Electricity Production for some regions in contrast to static attenuation functions as has been shown in [7, 13]. 
Furthermore, the Sunshape is modeled dynamically for each time step in correlation with DNI, following the 
methodology outlined in [14]. This adjusts the angular spread of the reflected image to better represent real 
conditions and refines the calculation of spillage losses. Both approaches are used in the MQ and HQ models. 
 
For the evaluation of the receiver, TES and power block efficiencies, a series of matrices have been generated 
with the HQ model to cover the broad spectrum of designs for each subsystem. These matrices are used during the 
MQ model runs, with periodic checks with the HQ model to validate the results.  
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5. HQ performance model 
Main focus during the development of the HQ Performance Model was the possibility to reduce the time step of 
the simulation to adequately reflect transient plant behaviour, such as cloud coverage and start-up / cool-down 
processes. Physical models for all subsystems have therefore been developed taking into account the heat capacities 
of all components. This allows simulations using thermal inertias of some subsystems of the plant by evaluating the 
system state at the preceding time step, in contrast to the mainly steady-state simulations of the MQ model. 
Regarding the Optical Core, the implementation of a ray-tracing engine facilitated higher precision for the HQ 
approach. Monte-Carlo ray-tracing provides a physically correct model of the photon path through an optical system 
based on launching millions of rays as outlined in [15]. This allows for calculation of flux distributions on complex 
receiver geometries and also enables the input of measured heliostat surface data from, for example, deflectometric 
or photogrammetric measurements.  
In CRS the receiver may suffer lifetime-reducing or even destructive thermal cycles when the allowable 
temperature gradients determined by material-constraints are not complied with. The ray-tracing engine for complex 
receiver geometries together with the improved physical receiver model will allow the simulation of a more realistic 
plant operation while maintaining receiver integrity. 
Moreover, emergency defocusing procedures are implemented, allowing for grouped heliostat fields to defocus 
while complying with the allowed receiver cool-down ramps.  
In order to improve the optimization of the Central Receiver plant, the actual topography of the terrain on which 
the plant will be built must be taken into account. Areas with high slopes or differences in altitude will distort the 
course of the heliostat row generation. Additionally, the positioning of the tower and heliostat field within the site 
boundaries may have to adapt to the site topography to maximize the energy output from a limited terrain and 
minimise or even avoid earthworks. To this end, SoFiA allows import of digital terrain models from external 
sources and adapts the heliostat field generation algorithm for the triangulated terrain as shown in Figure 5. 
 
Fig. 5. Illustration of heliostat field optimization on real site topography 
 
Furthermore, the actual site boundaries will be taken into consideration in order to ensure the heliostat field 
design meets the project constraints.  
For simulation of the power block, an interface with a commercial software suite has been established that allows 
the transient simulation with a flexible time step in any system state [16].  
The runtime of the HQ model is significantly higher and a 15 minute time step is usually chosen for simulations 
at this quality level. 
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6. Summary and outlook  
The new software suite SoFiA for the optimization and performance assessment of CRS has been presented. 
SoFiA features Performance Models of medium and high quality, as proposed by the GuiSMo working group. The 
optimization process for the plant subsystems is runtime optimised and has been outlined. 
 
Unique features implemented into SoFiA are the compliance with the current state of standardization efforts 
within the industry, the Graphical User Interface, the choice among state-of-the-art heliostat positioning patterns like 
Continuous Radial Staggern and Biomimetic approaches, site-adapted Atmospheric Attenuation Functions and 
topography, as well as the consideration of dynamic Sunshape profiles.  
 
Current developments include the support for the optimization of multi-tower systems with flexible heliostat 
aiming to different receivers. Furthermore, an interface with a model based on Finite Element Method (FEM) will 
be established to import and export solar flux distributions on complex receiver geometries and then evaluate the 
temperature distributions and material stresses. 
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